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ABSTRACT 

I! ser ies  of experiments using electrons from 1 Mev t o  40 Mev were performed 

t o  measure the energy dependence of electron radiation damage i n  p on n and n on 

p s i l icon  and gallium arsenide solar c e l l s .  

t h a t :  

according t o  predicted energy dependence relationships based on simple displace- 

ment theory and (b) 1 ohm-cm and 10 ohm-cm n on p s i l i con  so lar  c e l l s  depart 

from the simple theoret ical  predictions by exhibiting a much greater sens i t iv i ty  

t o  incident electron energy. 

departure of p-type s i l icon  from simple displacement theory a re  not c lear  a t  this 

time. OTM64 

The experimental r e su l t s  indicate 

(a) 1 ohm-cm p on n s i l i con  and gallium arsenide solar  c e l l s  respond 

The de ta i l s  of  the mechanism responsible fo r  the 
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I. INTRODUCTION 
a 

The degradation under 1 Mev electron bombardment of the e l ec t r i ca l  

character is t ics  of s i l i con  solar ce l l s  i n  the conversion of l i g h t  energy t o  
e l e c t r i c a l  power has been extensively studied1j2. 

of electrons i n  the energy range from 1 t o  10 MeV i n  the a r t i f i c i a l  radiation 

be l t ,  an i n i t i a l  experiment3 was conducted i n  February of 1963 t o  compare the 

observed electron energy dependence with energy dependence relationships based 

on simple displacement theory and classical  Rxtherford scattering. 

ment, conducted a t  the General Atomic l inear  electron accelerator f a c i l i t i e s  

i n  San Eego, indicated tha t  although p on n s i l i con  solar  ce l l s  agreed with the 

theore t ica l  predictions, n on p sil icon solar  c e l l s  exhibited a much higher energy 

dependence than predicted. To determine the significance of the steeper energy 

dependence of n on p ce l l s ,  the two observed energy dependences were integrated 

with the f i ss ion  electron energy spctrum and normalized t o  equivalent 1 Mev 

electrons.  

p s i l i con  solar c e l l s  under fission electron energy spectrum bombardment would 

be approximately a factor  of three f a s t e r  than predicted by the theoret ical  energy 

dependence. 

Because of the importance 

This experi- 

The result of t h i s  calculation was t h a t  tne degradation r a t e  of n on 

Because of the importance of the more radiation res i s tan t  n on p c e l l s  i n  

the construction of s a t e l l i t e  solar c e l l  power supplies, a second series of experi- 

merits were performed.in March, 1963 a t  the General Atonic l inear  electron acceler- 

a t o r  f a c i l i t i e s .  

accurate quantitative data on the energy dependence of electron radiation damage 

and t o  expand the scope of the resul ts  i n  both ty-pe of device and energy range. 

The purpose of t h i s  report i s  the presentation of the electron radiation damage 

data on photovoltaic devices and the dependence on electron energy from these 

l a t e r  experiments. 

6 

The objectives of t h i s  second experiment were t o  obtain more 

11. DESCRIPTTON OF EXPERlMENTS 

!The primary objective was the acquisit ion of quantitative experimental 

data on the energy dependence of electron radiation damage i n  s i l i con  and gallium 

arsenide solar  c e l l s .  

responses were exhibited by n on p s i l icon  solar ce l l s ,  a good deal of e f f o r t  

e Since a previous experiment3 had shown that abnormal 



::as expended t o  insure quantitative accuracy of both dosimetry and solar  c e l l  

measurements. The remainder of t h i s  section i s  devoted t o  detai led descriptions 

of the t e s t  specimens themselves, the measurements performed on the t e s t  speci- 

mens, the dosimetry measurements of beam energy, intensi ty ,  and d is t r ibu t ion ,  and 

the general experimental techniques of the experiment. 

Solar Cell SDecimens 

The t e s t  specimens consisted of both s i l i con  and gal l iun:  arsenide so la r  

c e l l s  and additional s i l i con  slabs for energy leve l  determinations through 
Fa11 measurements. The solar  ce l l s  consisted of commercially available Hoffman 

1 ohm-cm p on n s i l i con  solar  cel ls ,  Western Elec t r ic  1 ohm-cm n on p s i l i con  

so lar  ce l l s ,  Zoff'man 10 ohm-cm n cn p s i l i con  so lar  ce l l s ,  and RCA p on n gallium 

arsenide so la r  c e l l s .  These par t icular  so la r  c e l l s  were chosen because of the 

large amount of data exis t ing cn these types, t h e i r  established qual i ty  and 
reproducibil i ty,  and t h e i r  representation of state-of-the-art  devices current ly  

avai lable .  

short  c i r c u i t  current, diffusion length, md spectral  response measurements 

and were, therefore, as closely natched and representative of t h e i r  type a s  

possible . 

The c e l l s  chosen f o r  t5is experiment were preselected through 

The Hall specimens consisted of both p and n-type s i l icon  with r e s i s t i -  

v i t i e s  of 1 and 100 ohm-em. The fiall specimens were precut t o  the conventional 

six-ann cross configuration for  post-irradiation measurements of the Hall e f fec t .  

Solar Cell  Measurements 

The measurements performed on the t e s t  so la r  c e l l s  a t  the l i nac  s i te  

consisted of I-V charac te r i s t ics  under the STL l i g h t  tab le  using 2800°K unf i l te red  

tungsten illumination. Tie illumination l eve l  w a s  maintained a t  the same se t t i ng  

used i n  a l l  previous experiments, i .e. ,  110 n;w/cm nominal sunlight equivalent. 

These I-V charac te r i s t ics  were used t o  obtain post- i r radiat ion minority ca r r i e r  

diffusion length values under approximtely one sun conditions. This diff'usion 

length measurement technique, described i n  d e t a i l  i n  a previous report  , con- 

s i s t s  of re la t ing  the observed short c i r c u i t  current t o  a minority c a r r i e r  

diffusion length through an empirical re la t ionship previously establ ished under 

2 

4 



1 Mev electron bombardment. 

men before and a f t e r  each successive i r radiat ion.  

and short  c i r cu i t  current data were obtained a f t e r  returning t o  STL t o  es tabl ish 

calibrations,  short  tern annealing characterist ics,  and l i nea r i ty  of diffusion 

length -cith h j e c t i m  level .  

and 

All these measurements were obtained on each speci- 

Additional diffusion length 

W s e  da ta  were u t i l i zed  t o  es tabl ish K values 

values fo r  determination of the energy dependences of the damage rates. 

Dosimetrv 

In order t o  obtain as  accurate dosimetry a s  possible, particular a t tent ion 

was given t o  measurements of beam energy, dis t r ibut ion,  and intensi ty .  The 

electron beam energy was determined by General Atomic personnel w i t h  a calibrated 

s teer ing magnet. 

of range energy relationships t o  within - 2 per cent.  

by a regulated power supply insuring a constant magnetic f i e l d  through the s teer ing 

magnet. 

drift  of the three l inac faystrons. 

required fo r  these experiments, considerable Klystron d r i f t  was observed during 

several series of experiments. The geometry of the accelerator and the parti- 

cular beam port u t i l i zed  i n  these experiments was such that several bends i n  the 

beam were required t o  bring the beam out of the experiment port .  

these bends requires an individual steering magnet, any appreciable drift  or 

change i n  beam energy would r e su l t  in  canplete loss of fke beam a t  the port  where 

the experimental apparatus was located. Consideration of all these factors, i . e . ,  

accuracy of beam energy determinations, Klystron d r i f t ,  and accelerator geometry, 

r e su l t s  i n  a net  estimated accuracy of beam energy measurements of - 2 per cent 

a t  each experiment energy value. 

loss  of the beam i n  traversing the e x i t  port  window and air  before impinging 

upon the test specimens. 

This magnet had been previously calibrated through a ser ies  
+ 

Magnet current was supplied 

One of the primary causes of electron beam energy shifi was inherent 

Under the  conditions of low beam current 

Since each of 

+ 

Additional corrections were applied fo r  energy 

Bern spreading was accomplished with several  quadripole defocusing magnets 

and a i r  scattering t o  produce a large beam spot. 

determine the beam position and distribution over the beam spot area and t o  posi- 

t i on  the experimental t a rge ts .  The quadripole magnets were driven w i t h  regulated 

supplies and found t o  be quite stable. 

Polaroid film w a s  used t o  

IXze t o  the small diameter of the accelerator 
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d r i f t  tubes, however, a prac t ica l  l i m i t  of the beam spot that could be produced 

before the beam struck the inside walls of the d r i f t  tubes was found. To 

obtain fur ther  defocusing, the experimental apparatus was located away from the  

beam por t  t o  take advantage of small angle a i r  scat ter ing for  fur ther  improve- 

mnt i n  ?xm size and dlist-sibution. 

mental apparatus and the beam e x i t  p o r t  window was determined by the energy of 
the experiment. Polaroid f i l m  was used t o  obtain beam prof i les  and t o  posit ion 

the experimental apparatus with respect t o  the center l i n e  of the electron beam. 
In a l l  of the experiments, the t o t a l  beam area  exceeded 10 cm2 and usual ly  

2 2 was of the order of 15 cm . 
fo r  sample i r rad ia t ion  insuring a uniform dis t r ibu t ion  across the t e s t  specimens. 

!he par t icu lar  distance between the experi- 

Only the center 4 cm of the total  beam was used 

Total beam current was monitored with a Faraday cup of conventional 

design. An inner, or sensing, chamber constructed of copper of suf f ic ien t  thick- 

ness t o  stop 50 Mev electrons was mounted i n  a la rger  evacuated chamber which 

was pumped and trapped to  a pressure of less than lmicron .  

ge t  area, of the Faraday cup contained an aluminum pla te  t o  reduce the back 

scat tered electron ccanponent t o  a minimum. 

shield was u t i l i z e d  t o  reduce the s o l i d  angle through which back scat tered 

electrons could leave the  chamber through the entrance aperture. 

back s c a t t e r  control was exercised through the application of gr id  bias d i r ec t ly  

above the entrance aperture t o  the inner sensing chamber. 

voltage from -400 t o  +bo vol t s  indicated that the back scat tered component had 

been reduced t o  less than 5 per cent and, f'urther, t h a t  the forward scat ter ing 

from the 5 m i l  aluminum vacuum window of the Faraday cup was l e s s  than 2 per 

cent. A conservative estimate of the accuracy of the Faraday cup considering 

these fac tors  i s  an accuracy of better than - 10 per cent with a more probable 

r e a l i s t i c  accuracy of - 5 per cent.  Subsequent comparisons of beam current with 

apparatus u t i l i z e d  by General Atomic personnel were i n  agreement t o  within 

5 per cent.  The output of the Faraday cup was fed d i r ec t ly  t o  an integrat ing 

amplifier which measured both cur ren t  and integrated charge t o  an accuracy of 

The bottom, or tar- 

In addition, a copper back s c a t t e r  

Additional 

Application of gr id  

+ 
+ 

1 per cent. This par t icular  instrument i s  spec i f ica l ly  designed t o  accept 

Faraday cup inputs and contains an input impedance of essent ia l ly  zero ohms 
u t i l i z i n g  operational amplifiers. e 



865 3 - 6025 - KU-000 
a g e  5 

Ekperimental Techniques 

?he test specimens were mounted two a t  a time on aluminum plates .  Each 

p la te  contained two ident ical  types of c e l l s .  

8  ti^ i n  a J ig  d i rec t ly  in  front of the Faraday cup and integrated flux measure- 

ments w e r e  obtained simultaneously with the i r rad ia t ion  of the  test  specimens. 

Each group of two specimens was exposed t o  a predetermined integrated flux and 

removed for  post-irradiation measurements. 

addi t ional  i r radiat ions were performed followed by further post-irradiation 

measurements on the same specimens. When a suff ic ient  number of i r radiat ions 

had been performed t o  define a s t ra ight  l i ne  function of the degradation of 

short  c i r cu i t  current with the logarithm of the integrated flux, the specimens 

were removed and stored fo r  later post-irradiation measurements a t  STL. Since 

a minimum of three different  types of c e l l s  were tes ted  a t  each energy, the 

i r radiat ions were performed i n  an alternating sequence t o  remove any e f f ec t  

of machine and, hence, radiation environment s h i f t  on the experimental results. 

In addition, since each individual group of two specimens was always placed i n  

exactly the same position i n  the beam, any nonuniformity or s h i f t  i n  electron 

flux dis t r ibut ion would produce a constant and, hence, observable difference. 

Since no systematic difference i n  experimental r e su l t s  due t o  position of the 

c e l l s  occurred, the beam uniformity was demonstrated. 

These plates  were placed one a t  

Following these measurements, 

Beam alignment and distribution were continuously checked throughout 

each ser ies  of experiments a t  a given energy with Polaroid film. 

beam energy measurements were performed u t i l i z ing  the calibrated steering 

magnet before and a f t e r  each series of m s  and the deviation of beam energy 

from start t o  f in i sh  of a se r i e s  of experiments was acquired. 

energy s h i f t  from start t o  f in i sh  of an experiment on a par t icular  group of c e l l s  

was found t o  be excessive, i .e . ,  greater than 3 per cent, a secmd group of 

specimens was exposed i n  a repeat of the  ser ies  of experiments a t  that energy 

t o  insure maximum accuracy i n  the determination of the energy dependence of the 

degradation rates .  

In addition, 

If the beam 
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111. EXPERlMENTAL RESULTS 

Separate l inac  experiments were conducted a t  seven energies: 3.0 MeV, 

5.2 MeV, 7.9 Mev. 8.5 Mev. 18.5 Mev, 21.2 MeV, and 4.0 MeV. 

data i n  the experimental resu l t s  are additional 1 Mev data acquired using the 

STL Van de G r a a f f .  

were i r radiated a t  a l l  of these energies. Additional data were acquired on 

1 ohm-cm n on p s i l icon and p on n gallium arsenide solar  ce l l s  a t  1.0 MeV, 

3.0 MeV, 7.9 MeV, and h.0 Mev. The result ing energy dependence of the electron 

damage characterist ic was determined by u t i l i z ing  both K values and reciprocal 

c r i t i c a l  fluxes. 

with the Van de Graaff and with the calibrated l i g h t  source. 

f lux determinations were acquired from short c i r cu i t  current degradation charac- 

t e r i s t i c  6 .  

Included with these 

One ohm-cm p on n and 10 ohm-cm n on p s i l i con  solar  c e l l s  

The K values were obtained from diffusion lengths measured 

The reciprocal 

The observed degradation i n  I-V character is t ics  as a f'unction of inte-  

grated flux fo r  a l l  of these specimens u t i l i zed  i n  t h i s  experiment was consistent 

with previously reported data. These I - V  character is t ics  were obtained with 

2800'K unfi l tered tungsten illumination a t  a sunlight equivalent in tens i ty  of 

110 mw/cm 
taken from these I - V  characterist ics and plotted as a function of integrated 

flux t o  determine the damage characterist ics.  

dation curves a re  shown i n  Figures 1 through 7 for  each energy a t  which meaningful 

data were obtained. 

p lo ts  with the exception of the gallium arsenide data for  which the absolute 

short  c i r cu i t  current f o r  a 1 x 2 cm 

i n  maintaining scale factors.  

each group of data points. 

flux required t o  produce 19 m/cm on the 6-1/4 ma/cm -decade slope. 

t i c a l  f lux i s  consistent with the c r i t i c a l  f l u e s  described i n  a l l  of our previous 

a 
2 for  a nominal 100 micron c e l l .  Short c i r cu i t  current densi t ies  were 

These short  c i r cu i t  current degra- 

All of these data are  shown as  short c i r c u i t  current density 

2 c e l l  i s  plotted d i rec t ly  for  convenience 

Linear slopes of 6-1/4 ma/cm2-decade are f i t  t o  

Cri t ical  fluxes are determined by observing the 
2 2 This c r i -  

reports.  

2 
A short c i r cu i t  current density of 19 ma/cm is  equivalent t o  25 per 

2 
cent degradation i n  short  c i r c u i t  current under 110 mw/cm 
fo r  a nominal s i l i con  solar  c e l l  having an i n i t i a l  minority ca r r i e r  diffusion 

length of 100 microns. 

tungsten illumination 

Since current state-of-the-art devices have longer 
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diffusion lengths tk in  observed several years ago when this standard was estab- 

l ished,  current i n i t i a l  short  c i rcu i t  currents a r e  soFTwhat higher and the per 

cent of degradation a t  19 ma/cm i s  usually greater  than 25 per cent. 

i n  order t o  compare current data with e a r l i e r  data it i s  necessary t o  maintain 

t h i s  l eve l  cf i r rad ia t ion  damage a s  a ci- i t ieal  flzar cletem-imtion since the 

resu l t ing  minority c a r r i e r  diffusion lengths i n  the two cases would then be 

equal. Gal l ium arsenide ce l l s ,  however, exhibi t  a d i f fe ren t  charac te r i s t ic  

slope because of t h e i r  difference i n  op t ica l  absorpticn character is t ics .  The 

d.egradation slope fo r  gallium arsenide so la r  c e l l s  i s  observed t o  l i e  between 

L5 and 50 per cent degredation i n  short c i r c u i t  current >er decade of in te -  

grated flux f o r  e i the r  tungsten or sun illumination. 

s i l i con  c e l l s  i s  d i f f i c u l t  since the curves w i l l  eventually cross one another 

although the gallium arsenide ce l l s  a re  i n i t i a l l y  more radiat ion r e s i s t an t .  

order t o  maintain consistency i n  determining the  energy desndence , however, 

c r i t i c a l  f luxes were assigned a t  2 j  per cent degradation f o r  the gallium arsenide 

so la r  c e l l s  a lso.  

2 However, 

:ace, comparison with 

In 

Examination of the short  c i r cu i t  current degradation data i n  Figures 1 

thrcugh 7 i l l u s t r a t e s  t ha t  i n  most cases the  data a re  i n  good agreement with 

the expected degradation slope of 6-1/4 m/cm On several  occasions, 

however, the date do not accurately f i t  t h i s  slope. %is deviation from expected 

s lope  i n  these i so la ted  cases i s  due primarily t o  sh i f t i ng  accelerator charac- 

t e r i s t i c s  resul t ing i n  corresponding shifts  i n  beam energy and dis t r ibut ion,  and 

hence deviations from the  calibrated relat ionship between integrated flux and 

monitored Faraday cup current. 

the course of the experiment, these deviations from normal responses were 

immediately observed and machine operating charac te r i s t ic  checks such as measure- 

ment of beam energy and Polaroid fi lm pictures  of beam posit ion were in i t i a t ed .  

In  a l l  cases of apparent nonlinear response, these performance checks indicated 

s igni f icant  machine d r i f t  i n  operating charac te r i s t ic .  A t  t h i s  t i m e  the acceler- 

a t o r  was retuned t o  obtain t h e  i n i t i a l  beam charac te r i s t ics  fo r  the experiment 

before fur ther  i r rad ia t ions  were performed. Several portions of the resu l t ing  

data, therefore, were omitted i n  the repeated experiments. However, when the 

deviations were s l i g h t  i n  the early stages of accelerator  drift,  the  data are 

included i n  an e f f o r t  t o  obtain the bes t  possible s t a t i s t i c a l  energy dependence 
charac te r i s t ic .  

2 per decade. 

Since the data were continuously plot ted during 



"lie energy depndence b a s  cietemincd using both reciDrocal f luxes and 

K values. The reciprocal fluxes +&ken from Figures 1 through 7 are  plot ted 

as a function of energy i n  Figure 8. 
shown i n  Figure 8 were taken from a previous report  . 
f luxes are chosen a s  the de2endz~t v a r h h l e  since t h i s  parameter i s  proportional 

t o  the defect density introduction rate i n  a manner similar t o  K values. 

t ion of Figure 8 c lear ly  i l l u s t r a t e s  t h a t  the energy dependence data describe 

a smooth curve,with the exception of a few points.  

energy dependence based on Coulomb scat ter ing and sinple displacement theory, 

as outlined i n  Seitz and Koehler , i s  shown i n  Figure 8 as so l id  l i n e s  for  

comparison with the experimental data shown as dashed l ines .  

The 1.0 MeV electron damage charac te r i s t ics  
1 Reciprocal c r i t i c a l  

Examina- 

The theore t ica l ly  predicted 

5 

lzre r e s u l t s  of the 

experiment indicate agreement w i t h  the previous experiment' i n  that p on n s i l i -  

con so la r  c e l l s  exhibi t  an energy dependence in  qua l i ta t ive  agreement with theory, 

whereas both 1 ohm-cm and 10 ohm-cm n on p s i l i con  so lar  c e l l s  depart rad ica l ly  

from theory. 

respond i n  qual i ta t ive agreement with the theore t ica l ly  predicted energy 

dependence although the theory i s  nct  d i rec t ly  applicable as presented here t o  

gallium arsenide. I n  any event, gallium arsenide so la r  c e l l s  do not exhibi t  

a s teep energy dependence as do the n on p s i l i con  so lar  c e l l s .  

It i s  addi t ional ly  observed that gallium arsenide solar  c e l l s  

a 

The departure of the n on p solar c e l l s  from theory is  quite pronounced. 

%sed on extrapolation of the theoret ical  predictions from 1 MeV, the damage 

rate a t  10 MeV for  n on p s i l i con  solar  c e l l s  i s  approximately a fac tor  of 10 

higher than the prediction. 

greater  d e t a i l  i n  a following section. 

The importance of t h i s  e f f e c t  w i l l  be discussed i n  

In addition t o  the energy dependence determined on the basis of recipro- 

c a l  c r i t i c a l  fluxes, measurement of minority c a r r i e r  diff'usion length a t  both 

high and l o w  inject ion levels  provides K values which a re  plot ted as  a Function 

of energy as shown i n  Figure 9 .  The trends shown i n  Figure 9 a re  ident ica l  

w i t h  those shown i n  Figure 8 w i t h  only a s l i g h t  r e l a t ive  displacement of the 

10 ohm-cm n on p c e l l s  due t o  the i r  somewhat higher surface eff ic iency.  The 

gallium arsenide so la r  c e l l s  are not shown i n  this figure since diff'usion length 

measurements were not obtained on these specimens. Measurements of diff'usion 

length on s i l icon  so lar  c e l l s  a t  low inject ion leve ls  with the Van de Graaff 

accelerator  and a t  high injection leve ls  using the cal ibrated l i g h t  source 

a 
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Solid lines are theoretical curvei 
normalized to 1 .0  Mev , E (Me4 10 100 

Figure 8. Critical- Flux &termination af' Electron 
Can;age Energy Rpendence 
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yie ld  the same diffusion lengths. Additional measurements were performed t o  

insure that inject ion level  dependence of minority ca r r i e r  diffusion length 

vas not  present i n  t h i s  range i n  contrast t o  those data previously reported 

fcr proton bombarded s i l icon  sc la r  c e l l s .  

The Eal l  specimens that  were i r rad ia ted  i n  t h i s  experiment i.iers s ~ b -  

sequently measured a f t e r  return t o  the STL f a c i l i t i e s .  

not d i r e c t l y  per t inent  t o  the enerm dependence, a re  not reported here but 

are included i n  an e a r l i e r  report  covering a ser ies  of energy leve l  s tudies  
6 under e lectron and proton banbardment . 

These data, since 

IV . SUMMARY AND CONCLUSIONS 

The prinary objective of t h i s  experiment was t o  confirm quant i ta t ively 

r e s u l t s  obtained i n  an e a r l i e r  experiment indicating departure of n on p s i l i con  

so lar  c e l l s  from theory i n  t h e i r  damage dependence on electron energy. 

r e su l t s  presented i n  the previous section have quant i ta t ively established this 

relat ionship.  N on p s i l i con  solar c e l l s  exhibi t  a much greater dependence of 

damage r a t e  on electron energy than predicted by theore t ica l  re la t ionships .  

P on n s i l i con  so lar  c e l l s  and gallium arsenide solar  cells exhibi t  an energy 

dependence i n  qua l i ta t ive  agrement with theore t ica l  relationships.  

departure of n on p s i l icon  solar c e l l s  from the theore t ica l  re la t ionships  i s  

approximately an order of magnitgde a t  10 Mev based on theoret ical  extrapola- 

t i o n  of 1 MeV experimental data. 

a re  an order of magnitude more sensit ive t o  10 MeV electrons r e l a t ive  t o  1 MeV 

electrons than  p cn n s i l i con  solar c e l l s  or gallium arsenide solar  c e l l s .  

The 

The 

In other words, n on p s i l i con  so lar  c e l l s  

The prac t ica l  importance of t h i s  e f f e c t  l ies  i n  the integrat ion of 

these energy dependence relationships with the f i s s ion  beta energy spectrum of 

the a r t i f i c i a l  electron radiation b e l t .  The r e s u l t  of the folding of the n on 

p s i l i con  so lar  c e l l  energy dependence with the  a r t i f i c i a l  belt’s energy spectrum 

i s  an increase i n  the predicted damage r a t e  of a fac tor  of three over that 

predicted on the basis  of the energy dependence charac te r i s t ic  of p on n s i l i con  

so lar  c e l l s .  This f ac t  reduces by a factor  of three the radiat ion resis tance 
of n on p c e l l s  r e l a t ive  t c  p on n c e l l s  considered f o r  spacecraft applications 

requiring o r b i t  through the a r t i f i c i a l  radiat ion b e l t .  



The reasons for  the departure cf p-type s i l icon  from simple displacement 

t h e o r y  i n  i t s  response t o  electron radiation are  not c lear  a t  t h i s  tine. Since 

both p-type and n-type s i l icon  are  chemically extremely pure si l icon, the i n i t i a l  

radiation induced interaction i s  the displacement of s i l i con  atoms from their 

l a t t i c e  sites i n  both cases. Tri observed p e u l i s r  response of p - t w  s i l i con  

under electron bombardment, therefore, must be associated w i t h  complex in te r -  

actions of these defects with other impurities or  with each other i n  a manner 

not governed by the same energy dependent relationships ascribed t o  the  produc- 

t ion of the i n i t i a l  defects. 

One par t icular  type of defect which has been hypothesized by many workers 

i n  t h i s  f i e l d  and which may be responsible f o r  the interactions observed here 

i s  the divacancy. The theoret ical  relationships governing the energy dependence 

of the production r a t e  of divacancies have not been formulated. In any event, 

considerable research remains t o  be performed on these phenomena before a com- 

plete  understanding of the e f fec t  can be obtained. 
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